Context: Turner syndrome (TS) is associated with short stature, gonadal failure, and fractures. Spinal trabecular bone score (TBS) is a novel bone imaging modality that has not been evaluated in TS.
T urner syndrome (TS) affects one in 2000 live-born girls and results from complete or partial X chromosome monosomy (1) . Key features of TS include gonadal failure and short stature, whereas osteoporosis and an increased risk of fractures are associated complications.
Osteoporosis has historically been associated with TS since initial reports of skeletal hypomineralization on radiographs of patients with TS (2) . Subsequent studies noted an increased risk of fractures in TS, the relative risk ranging from 1.16 to 2.16 and most commonly affecting the upper limb, as well as low bone mineral density (BMD) as measured by dual-energy X-ray absorptiometry (DXA) (3) (4) (5) . Gonadal failure is a major contributor to fracture risk (6) , as fracture risk in patients with TS and adequate estrogen replacement therapy (ERT) is similar to that in control populations (7) . Exogenous growth hormone therapy (GHT) is now standard treatment in TS for short stature and may also have beneficial effects on skeletal health (8, 9) .
The assessment of osteoporosis and fracture risk in women with TS is challenging. Bone density is routinely quantified by DXA, which provides a two-dimensional measure of areal BMD; however, it does not assess bone microarchitecture and can underestimate BMD in individuals with short stature and smaller bone size (10) . Studies that adjusted for height or bone size have demonstrated a reduction in BMD in some TS cohorts (6, (11) (12) (13) but not others (8, 14, 15) . As such, BMD alone may not be an accurate predictor of skeletal fragility and fracture risk in TS, particularly when short stature is prevalent.
Although bone density is highly correlated with bone strength, it explains only 60% to 80% of the variance in bone (16) . Information on other determinants of bone strength, such as bone geometry and microarchitecture, is not provided on routine BMD measurements. Peripheral quantitative computed tomography (pQCT) and highresolution pQCT are noninvasive measures of bone microarchitecture that are not widely available for clinical use. The few TS studies using these modalities have shown cortical deficits in the forearm (12, (17) (18) (19) , whereas compromised trabecular microarchitecture at the radius and tibia was identified in a study using high-resolution pQCT (20) .
Spinal trabecular bone score (TBS) has recently emerged as an indirect measure of trabecular microarchitecture at the spine (21) . This novel software calculates a gray-level textural index derived from routine lumbar spine DXA images and does not require additional radiation exposure. A low TBS is associated with major osteoporotic fractures (defined as vertebral, hip, humeral, and wrist) in postmenopausal women, with similar findings in older men and other conditions associated with secondary osteoporosis (21) . Given that estrogen deficiency is associated with fractures at sites rich in trabecular bone and a correlation between TBS and height has not been reported in the literature (22) , TBS is an attractive bone imaging tool in TS populations. To date, no studies have investigated TBS in women with TS.
Thus, in this cross-sectional and longitudinal study of an Australian adult TS cohort, we aimed to (1) assess spinal TBS and its relationship with clinical and densitometric parameters, (2) investigate longitudinal changes and clinical predictors of TBS and bone density, and (3) explore the capacity of TBS to predict fractures.
Subjects and methods

Patients
This cross-sectional and longitudinal study involved women aged 20 to 50 years who had TS and underwent one or more DXA scans between the years 2006 and 2017 at Monash Medical Centre, Clayton, Victoria, Australia. Participants were identified from the Monash Medical Centre Adult TS Clinic, in addition to a comprehensive search of our institution's Bone Density Department Database for all women documented as having hypogonadism and aged 20 to 50 years. Subsequent review of medical records confirmed 60 women with a history of TS. Two women taking osteoporosis-specific drugs were excluded, and none of the women had a history of oral glucocorticoid therapy. The study was approved by the Monash Health Human Research Ethics Committee (reference number 07062A). Informed consent was not required because this was a retrospective observational study, and DXA scans were performed as part of routine clinical practice.
Clinical data
Data regarding karyotype, menstrual history, medication use, and comorbidities were verified from hospital medical records and the Adult TS Clinic database. Data on age at ERT initiation and current use of ERT at the time of DXA scanning were collected, as well as any history of GHT use. Karyotype reports were available for 50 women and were coded as either "45XO" or "other X chromosome abnormalities." A history of all documented fractures was established from medical records or by radiographically proven fractures from the hospital radiology database. Age at the time of fracture and the skeletal site were recorded.
Measurement of bone density and TBS
DXA scans were conducted on a single Lunar Prodigy device (GE Healthcare, Piscataway, NJ) at the Monash Medical Centre. For each woman, baseline and serial DXA scans during the study period were included. All women with TS had BMD (g/cm 2 ) measured at the lumbar spine (L1-L4) and femoral neck (FN), and BMD Z-scores at each skeletal site were calculated. Low bone mass was defined as a Z-score #22.0 as per the International Society for Clinical Densitometry guidelines for young premenopausal women (23) . TBS measurements were obtained from DXA spinal images using TBS iNsight Software (version 3.0.2.0; Medimaps, Geneva, Switzerland). On the day of the DXA scan, each participant's height and weight were measured with a wall-mounted stadiometer and electronic scale, respectively. The coefficients of variation for TBS and BMD using a lumbar spine phantom measured daily on the GE Lunar Prodigy were 0.94% and 0.92%, respectively.
Statistical analysis
The software program IBM SPSS Statistics v23 (IBM Corp, Armonk, NY) was used to conduct all statistical analyses, except when Stata v14.2 statistical software (StataCorp, College Station, TX) was used to test for significant differences between area under the receiver operator curve (AUROC) using pairwise comparison. A P value ,0.05 was considered statistically significant.
Baseline data
Data from the baseline DXA scan of 58 women with TS were expressed as frequencies and median (range) values because continuous variables were not normally distributed. The relationship between baseline TBS, clinical variables, and densitometric variables was examined using univariate and ageadjusted multivariate linear regression analyses.
Longitudinal data
Women who had serial DXA scans were included in a longitudinal analysis. Longitudinal changes in bone parameters (TBS, spine BMD, spine Z-score, FN BMD, and FN Z-score) were assessed using linear mixed model analysis, where time was the number of years since the baseline DXA scan. All models were analyzed as random intercepts with fixed or random effects, and different candidate covariance models were considered, with the smallest Akaike information criterion used to choose the most appropriate model. The age-and body mass index (BMI)-adjusted mean change per year (95% CI) for each bone parameter was calculated.
The relationships between bone parameters and clinical predictor variables (age, karyotype, current ERT use, age at ERT initiation, and history of GHT) in the longitudinal data set were also assessed using linear mixed model analysis with adjustments for age and BMI. The model assessing the relationship between age and TBS was also further adjusted for potential confounders, including bone density parameters, karyotype, current ERT use, age at ERT initiation, history of GHT, smoking history, and secondary osteoporosis risk factors. The estimated change in bone outcome variable (95% CI) per unit change in clinical predictor variable is presented.
Fracture analysis
All fractures regardless of precipitating trauma or skeletal site were analyzed. Baseline clinical and densitometric data between fracture and nonfracture groups were compared using the Mann-Whitney U test for continuous variables and
Fisher's exact test for categorical variables where appropriate. Because there was a significant difference in height between fracture and nonfracture groups, logistic regression was used to assess height-adjusted differences in bone parameters between groups. AUROC analysis was applied to determine the diagnostic value of age, TBS, spine Z-score, FN Z-score, and composite models to predict all fractures. TBS, spine Z-score, and FN Zscore were analyzed as dichotomous variables using established thresholds for abnormal values: TBS ,1.35; spine Zscore #22.0; and FN Z-score #22.0. AUROC value and 95% CI are presented, and differences between AUROCs was tested using pairwise comparison.
Results
Baseline data
Fifty-eight women with TS (median age, 28.5 years; range, 20 to 49 years) were included in this study. Their baseline characteristics, spinal TBS, and DXA-derived areal BMD and Z-scores of the spine and FN are described in Table 1 .
Using established adult norms for TBS (22) c At time of DXA scan in those with amenorrhea (two patients with normal menses not included).
d Including celiac disease (n = 3), inflammatory bowel disease (n = 2), hyperthyroidism (n = 2), primary hyperparathyroidism (n = 1), and type 1 diabetes mellitus (n = 1).
mass (Z-score #22.0) at the spine was seen in 15 women (26%), whereas five women (9%) had low bone mass at the FN. The unadjusted and age-adjusted linear relationships between baseline spinal TBS and clinical, anthropometric, and bone density parameters are described in Table 1 . Spinal TBS was significantly associated with spine BMD, spine Z-scores, FN BMD, and FN Z-scores in unadjusted and age-adjusted models. After adjustment for age, TBS was associated with BMI and inversely associated with age at ERT initiation.
Longitudinal data
Longitudinal data were available for 33 women with TS. Median duration of follow-up was 4 years (range, 1 to 10 years), and 48.5% of women had follow-up data available over at least 5 years. Over the follow-up period, 25 women with TS continued ERT; two women who were not receiving therapy at baseline commenced ERT; two women were never receiving ERT; and ERT status was unknown in four women. Longitudinal data were not available for the remaining 25 women because they were either lost to follow-up or did not have a second routine DXA scan at the time of study analysis.
According to linear mixed model analysis of the longitudinal data, TBS was strongly associated with spine BMD, spine Z-score, FN BMD, and FN Z-score. The estimated changes (95% CI) in TBS per unit change in spine BMD, spine Z-score, FN BMD, and FN Z-score were 0.397 (0.223, 0.572); 0.049 (0.029, 0.070); 0.333 (0.099, 0.567); and 0.044 (0.017, 0.072), respectively (all age-and BMI-adjusted P , 0.01).
During follow-up, no significant longitudinal changes per year in TBS, spine BMD, spine Z-score, FN BMD, and FN Z-score were observed (Table 2) .
TBS was inversely associated with age in this cohort [20. 004 per year (20.007, 20.001); BMI-adjusted P = 0.014]. This remained statistically significant after adjusting separately for spine BMD, spine Z-score, and FN Z-score (all P , 0.05), but not for FN BMD (P = 0.087). Furthermore, after separate adjustment for clinical parameters, such as karyotype, current ERT, age at ERT initiation, GHT, smoking history, and secondary osteoporosis risk factors, TBS remained inversely associated with age (all P , 0.05). A decline in FN BMD with increasing age was also observed [20. 003 per year (20.005, 20.001); BMI-adjusted P = 0.008], but no significant relationship with age was seen with spine BMD.
The relationship between bone parameters and other clinical predictor variables is shown in Table 3 . A delay in ERT initiation was associated with lower TBS, spine BMD, spine Z-score, FN BMD, and FN Z-score (all P , 0.05). Prior GHT was associated with a higher spine BMD, spine Z-score, FN BMD, and FN Z-score (all P , 0.05) but was not associated with TBS. An association between TBS and BMI was not observed in this longitudinal analysis.
Fracture analysis
Fracture history was available for 54 women with TS. Twenty-two fractures occurred in 17 of 54 women (31%), and nine of 54 women (16%) sustained a fracture after 20 years of age. Most fractures occurred in the upper limb (52.6%), followed by the lower limb (26.3%), vertebra (10.5%), clavicle (5.3%), and sternum (5.3%), with 64% occurring in predominantly trabecular bone (eight fractures at the end of long bones, four fractures in the short bones of the hands and feet, and two vertebral fractures).
Baseline clinical characteristics and bone density data between fracture and nonfracture groups are described in Table 4 . The fracture and nonfracture groups were similar except for height. No differences in spine BMD, spine Z-score, FN BMD, or FN Z-score were observed between groups even after adjusting for height.
At baseline, prevalent fractures within the normal, partially degraded, and degraded TBS groups were recorded in eight of 36 women (22%), six of 14 women (43%), and three of four women (75%), respectively. In the degraded TBS group, two women recorded fractures at the wrist, and the third subject recorded a fracture involving the small bones of the hand. A statistically significant difference in fracture prevalence between normal and degraded TBS groups was found (heightadjusted P = 0.023) (Fig. 1) , and this remained significant even after adjustments for BMD and Z-scores at the spine and FN, respectively (all P , 0.05). However, no difference in fracture prevalence was seen between normal and low bone mass groups at the spine and FN.
The diagnostic value of spinal TBS in predicting prevalent fractures was assessed using AUROC analysis and was compared with AUROC for age, spine Z-score, and FN Z-score (Table 5 ). Although TBS alone was not predictive of prevalent fractures, TBS had a significantly higher AUROC than spine Z-score (0.643 vs 0.483; P = 0.013) and FN Z-score (0.643 vs 0.489; P = 0.033). The inclusion of TBS in a model containing age was predictive of prevalent fractures (P = 0.024) ( Table 5) . 
Discussion
This study investigated the potential role of spinal TBS in the evaluation of skeletal health in an adult TS cohort. An age-related decline in TBS was observed in both crosssectional and longitudinal analyses. During follow-up of up to 10 years, spinal TBS, spine BMD, spine Z-score, FN BMD, and FN Z-score remained stable in this TS cohort. Spinal TBS was positively associated with lumbar spine and FN BMD and Z-scores, and was adversely influenced by a delay in ERT initiation. Spine and FN bone parameters were also negatively associated with age at ERT initiation, whereas GHT appeared to have a protective effect. In this pilot study, TBS was a better predictor of prevalent fractures than low bone mass at the spine or FN. Spinal TBS is a textural parameter that provides an indirect measure of spinal microarchitecture that is independently associated with history of fracture and incidence of fracture and is complementary to BMD in estimating fracture risk in men and women (21) . Most clinical studies have investigated TBS in older cohorts, and limited literature has reviewed changes in TBS in younger women. An age-related decline in TBS in healthy premenopausal women has been described in a small number of studies (24) (25) (26) (27) (28) , whereas one North American study reported stable TBS values in women aged 30 to 45 years followed by a steady decline with age thereafter (29) . The magnitude of the age-related decline in TBS described in a study of Thai women aged 30 to 50 years was 0.006 per year (27) , whereas Iki et al. (28) reported a decline of 0.0013 per year in a Japanese cohort aged 20 to 40 years. The age-related decline in TBS of 0.004 per year seen in our TS cohort is not dissimilar to the decline described by Sritara et al. (27) and Iki et al. (28) and suggests that changes in TBS with age may not be accelerated in women with TS.
In the longitudinal subgroup analysis, DXA bone parameters remained stable. This is possibly explained by the high rates of ERT (86%) use over the follow-up period, and it is reassuring that bone microarchitecture and density can be maintained in women with continued ERT exposure. This is consistent with published longitudinal studies in adult women with TS. Cleemann et al. (30) followed up 54 women with TS (aged 43.0 6 9.95 years) over 6 years and found that BMD could be maintained in adults with TS by encouraging adequate ERT, a healthy lifestyle, and a high intake of calcium and vitamin D. Suganuma et al. (31) also showed that initiation of ERT in adult women with TS maintained bone density over 7 years of follow-up. Recently, Soucek et al. (7) showed that fractures were not increased in a cohort of women with TS receiving ERT.
The observation that TBS in adulthood is adversely affected by delay in ERT initiation in women with TS is an important finding, although not unexpected. We also found in our longitudinal analysis that late pubertal induction detrimentally affected spine and FN bone density, a finding that is consistent with our previously published cross-sectional work showing that a delay in commencing ERT in primary amenorrhea was associated with lower BMD (6) . Similar findings in bone density have been seen in other TS cohorts (32, 33) , but the effect on microarchitecture has not been described.
Gonadal failure manifesting as primary amenorrhea affects up to 85% of women with TS (34). Estrogen is a key hormonal regulator of bone health, with an important role in bone mass accrual during skeletal growth, skeletal homeostasis in adulthood, and accelerated bone loss during menopause (35) . As such, estrogen deficiency is a well-described risk factor for osteoporosis in TS, and current professional TS guidelines recommend early pubertal induction with ERT by the age of 13 years in those with primary amenorrhea (36) . Our finding supports current guidelines of early ERT initiation for adequate attainment of normal bone microarchitecture and peak bone mass. Limited literature has examined the effect of puberty on spinal trabecular microarchitecture. Two published studies of healthy pediatric female populations showed that pubertal development was associated with an increase in TBS. Shawwa et al. (37) reported a steady increase in TBS with age in a Lebanese cohort aged 10 to 17 years, with a higher mean TBS level in postmenarchal girls than in premenarchal girls (1.389 vs 1.293; P , 0.001). Dowthwaite et al. (38) showed that normal adult TBS levels were attained within 1 year postmenarche, 2 or more years before expected peak bone mass attainment at the spine. Correlation between TBS and pubertal stage was also seen in a small cohort study of adolescents with anorexia nervosa (39) . Combined with our findings, this suggests that spinal TBS may be a valuable marker of inadequate trabecular microarchitecture attainment in girls with TS, particularly in those with delayed menarche.
The positive effect of prior GHT on bone density seen in our TS cohort is interesting and has been reported in some studies (8, 9) but not in others (11, 13, 31 ). An association between GHT and TBS was not seen in our study. The discrepancy between GHT-related BMD and TBS changes in our study may be due to GHT-related increases in height and bone size, with this larger bone translating to higher areal BMD, as opposed to direct effects of GHT on volumetric bone density and microarchitecture. To date, the literature on the effects of GHT on bone in TS has remained inconsistent. In a casecontrol study of 28 women with TS, Nour et al. (40) found an increase in height and overall bone size in GHtreated women with TS compared with a non-GHtreated group, but no difference in BMD or bone microarchitecture as measured by high-resolution pQCT. In contrast, a more recent study by Soucek et al. (7) showed a positive association between the duration of GHT and cortical volumetric BMD.
We found that low TBS had a higher AUROC for prevalent fracture than traditional DXA parameters and that TBS in a model with age was predictive of fractures. This study adds to the body of evidence regarding the relationship between low TBS and fragility fractures in adults, which has already been described in older populations and in other conditions with secondary osteoporosis, such as diabetes mellitus, primary hyperparathyroidism, and rheumatoid arthritis (21) . Our finding is of particular relevance to TS populations because TBS is not associated with height, which is a pitfall in the use of DXA-derived areal BMD in women with TS and short stature. Furthermore, because TBS uses the same region of interest as DXA-derived spinal images, no additional testing or radiation exposure is required, and spinal images can be retrospectively analyzed for TBS values. As such, spinal TBS is an attractive clinical tool that may be easily integrated into the routine care of women with TS to improve fracture risk assessment.
We found a statistically significant positive correlation between TBS and BMI in an age-adjusted regression analysis; however, this relationship was not seen in our longitudinal data analysis. There may be a relationship between body composition and TBS in subjects with TS, and future studies should explore this relationship further.
Although several significant findings were elucidated, we are mindful of the limitations of this study, particularly the retrospective study design and relatively small sample size. We did not have a control group, although we used established adult norms to interpret TBS and BMD Z-scores. Reliance on medical records may have underestimated our fracture prevalence, and we could not analyze incident fracture risk. Further, we were unable to reliably differentiate minimal trauma fractures from traumatic fractures. We were unable to longitudinally assess adherence to ERT or GHT; however, we expect nonadherence to ERT to be common because the prevalence of nonadherence was previously reported to be 15% to 37% in TS cohorts (41, 42) . It is possible that nonadherence attenuated the relationship between TBS and bone density. Because we found a relationship between a delay in ERT initiation and TBS, we postulate that nonadherence to ERT may be associated with lower TBS values. Finally, we could not consistently obtain detailed data on type of ERT or dose and duration of GHT and hence could not directly assess the dose effect of ERT or GHT on TBS and fractures.
This study has a number of strengths that make it relevant to the TS literature. In particular, the use of a novel fracture assessment tool and the longitudinal followup of up to 10 years make our study one of the longest TS studies with bone densitometric data in the literature. The majority of women (96%) attended the multidisciplinary adult TS clinic at our institution and thus had standardized screening questionnaire forms at each appointment, ensuring consistency in the recording of data.
Conclusion
In conclusion, we assessed changes in TBS in women with TS, and our preliminary findings have important clinical implications for the management of bone health in women with the condition. First, our findings suggest that TBS provides additional information for the diagnosis and risk stratification of skeletal fragility in adult women with TS, information that is independent of areal BMD measurements. A larger prospective study is required to validate spinal TBS as a fracture prediction tool in TS and to replicate our finding that it is superior to BMD.
Second, a delay in ERT initiation adversely influenced all bone outcome measures, including TBS. This highlights the importance of early ERT to optimize bone density and trabecular microarchitecture in adulthood. Future pediatric studies should further explore the direct relationship between spinal TBS and pubertal induction in TS and whether an optimal ERT dose exists to provide adequate TBS attainment.
